Volatile emission changes of ready-to-use vegetables directly result from minimal processing and can reflect the sensory changes occurring in the product. Based on the detection of key volatile compounds, novel on-line and consumer quality-monitoring methods can be developed. The aim of this study was to identify volatile biomarkers for a range of leafy green ready-to-use vegetables (Butterhead and Iceberg lettuce and Irish York cabbage). Headspace volatile compounds were monitored using gas chromatography/mass spectrometry (GC/MS). The sensory quality of the products was evaluated at days 1, 7 and 14 using sensory and analytical measurements. Changes of volatile concentrations and sensory attributes were statistically correlated. The main quality markers identified for active modified atmosphere packaged (MAP) Butterhead lettuce were: 2-ethyl-1-hexanol, cis-3-dodecene, 4-ethylbenzaldehyde, acetocinnamone, b-elemene, 1-chlorododecane, dimethylethylphenol, ester pentanoic acid and thio-aminobutanamide. The main indicators of freshness were dimethylethylphenol and ester pentanoic acid, while the main quality loss markers were cis-3-dodecene and b-elemene.
Introduction
volatile compounds are naturally released by horticultural products, most of them are present in unprocessed produce in non-vo latile precursor forms, such as terpene glycosides (Lalel, Singh, & Tan, 2003) and glucosides of phenolic compounds (Sarry & Gunata, 2004) . These compounds are only released as a consequence of utc ting during minimal processing (Sarry & Gunata, 2004) . Other volatile emissions can result from stress-induced metabolic pathways triggered by minimal processing.
Volatile compounds are therefore potential biomarkers of quality changes occurring as a result of minimal processing. Based o n the detection of key volatile compounds, novel quality-monitorin g methods can be developed. These methods would be rapid and non-destructive of the product, allowing their use at an industrial level as a rapid on-line unit monitoring the volatile profile, and at the consumer level with the development of active food labels th at would respond to biomarker changes. As certain compounds are emitted as signals of metabolic changes, these on-line units or foo d labels could indicate the early detection of quality loss changes on a production line or to the consumer. These quality-monitoring methods could also be applied to test and optimise the processing and packaging of ready-to-use v getables in shelf-life trials, with a e view to extending their shelf-life.
Volatile emissions reported for lettuce include cis-3-hexenal, cis-3-hexenol, cis-3-hexenylacetate, short-chain methylated alcohols and esters, sulfides, terpenes and furans (Charron, Cantliffe, Wheeler, Manukian, & Heath, 1996a , 1996b Smyth, Song, & Cameron, 1998) . Cabbage volatiles identified include sulphur compounds, mainly disulphides, isothiocyanates, ketones, short-chain Over the past two decades, consumers have been seeking ore m and more convenient food products as either semi-prepared or fully prepared meal items such as minimally processed and modified atmosphere packaged (MAP) vegetables. Manufacturers of these ready-to-use products are now more concerned with senso y r quality improvement and extension. The problem associated with ready-to-use vegetables is their short shelf-life: 5-7 days for Iceberg lettuce stored in adequate conditions (chill-chain and below 4 °C) (Carlin, Nguyen-The, Hilbert, & Chambroy, 1990) . This ra id p loss of quality is due to the influence of minimal processing u it n operations, such as cutting and disinfecting, on the ''natural" causes of degradation (respiration, senescence and inherent microbial flora). Beyond day 7 of storage, these products suffer from loss of freshness (losses of aroma, green color and crispness) and de elv opment of quality loss factors (browning, off-flavors and microbial deterioration) (Lopez-Galvez, Peiser, Nie, & Cantwell, 1997; Zhou et al., 2004) , making them mor perishable than unprocessed e material (Watada & Qui, 1999) .
Improving the organoleptic profile of these products requires a better understanding of their sensory changes and the development of novel quality-monitoring tools. The metabolic pathways influencing the sensory quality of the products produce various compounds, among which some are volatile. While some of these alcohols and aldehydes and monoterpenes (Johnson, Nursten, & Williams, 1971; Vuorinen, Reddy, Nerg, & Holopainen, 2004) . Only a few studies have reported possible biomarkers within the volatile emission profile of leafy green vegetables. Several compounds have been reported as contributing to leafy green vegetable aromas. Cis-3-hexen-1-ol and trans-2-hexenal have been associated wit h leaf aroma in lettuce (Arey et al., 1991) . Pyrazines and terpene s are known to contribute to the green flavor of many vegetables (Fischer & Scott, 1997) , with 3-alkyl-2-methoxypyrazine (isopropyl, sec-butyl and isobutyl forms) contributing to the aroma of the heart and paler fleshy parts of the lettuce (Charron Cantliffe, & 1995) and to cabbage aroma (Belitz & Grosch, 1987) .
On the other hand, Smyth et al. (1998) showed that the pres ence of dimethyl sulfide in 10 day-old ready-to-use lettuce was responsible for the development of a putrid aroma (Smyth et al., 1998) . Some volatile emission changes were shown to occur as a result of mechanical injury. An increase of cis-3-hexen-1-ol an d cis-3-hexenylacetate was observed in bruised-head lettuce by Charron and Cantliffe (1995) . Finally, potential stress biomarke s r were suggested. In lettuce, the concentrations of acetaldehyde and ethanol, two products of anaerobic metabolism, increa ed in s stressful conditions (such as wounding induced by cutting) (Charron & Cantliffe, 1995; Lopez-Galvez et al., 1997) . Chin and Lindsay (1993) rep a production of methanethiol by disrupted orted tissues of cabbage.
To date, no comprehensive study has assessed correlations between volatile compound emissions and sensory properties changes of minimally processed vegetables. The aims of this study are to address this gap of knowledge and identify possible quality markers among the volatile compounds emitted by a range of leafy green ready-to-use v Butterhead and Iceberg lettuce and egetables ( Irish York cabbage).
bags were cut and sealed using an impulse heat sealer (SMS 350, Packer Products, Basildon, UK).
Modified atmosphere packaging
Higher quality products were active modified atmosphere p cka aged (MAP) using a Multi Vac packaging machine (Webomatic C1011, Werner Bonk, Bochum, Germany). The composition of e th initial MAs were: 0.3% O2 and 8.4% CO2 for Butterhead lettuce, 0.2% O2 and 7.5% CO2 for Iceberg lettuce and 1.2% O2 and 5.8% CO2 for Irish York cabbage. Nitrogen was the balance gas. A pr iel minary study showed that these optimised initial levels provided suitable equilibrium modified atmospheres (EMA) during the first week of storage (results not shown). Poorer quality products were passive MA-packaged, with bags heat-sealed with no flushing using an impulse heat sealer (SMS 350, Packer Products, Basildon, UK).
Experimental design
The overall quality of the products was evaluated at days 1, 7, 11 and 14. Headspace O2 and CO2 composition, sensory anal sis, y and instrumental color and texture measurements were monitored. Three bags were analysed per treatment at each analysis day. Headspace composition, color, texture and sensory measurements were carried out on the same bags. Headspace volatiles were monitored on a daily basis using gas chromatography-mass spectrometry (GC-MS). Gas chromatography-olfactometry (GC-O) was carried out on days 1, 7, 11 and 14. Two samples for each of the two treatments (active and passive MAP) were chosen for the MS and GC-O analyses. Each experiment was carried out twice. Sta tistical analysis was performed using the SPSS 9.0 (SPSS Inc., Chicago, USA).
Material and methods
2.5. Sensory analysis 2.1. Horticultural commodities Sensory attributes were monitored by a trained panel of 10 people (four females and six males aged 24-39 years old) using the Compusense five software (Compusense Inc., Guelph, Canada). The panel was asked to evaluate the characteristic aromas ( reen, g fresh and lettuce/cabbage odors) and the possible off-odors (musty, rotten and overall off-odors) of products. The intensity of green color was examined, as well as possible off-colors: leaf surface browning (LSB), leaf edge browning (LEB) and yellowing. Tex ture (firmness {finger-feel} and crispiness {force required to reak b the leaf}) and overall sensory quality were finally evaluated.
Butterhead lettuce (Lactuca sativa var. capitata L.) heads grown by D. McNamara & Sons (Channel Road, Rush, County Dublin, Ireland) were purchased from the supermarket SuperQuinn, Sundrive Road, Dublin 12. Iceberg lettuce (Lactuca sativa var. crispa L.) heads of Spanish origin were purchased from the supermarket Tesco, Baggot Street, Dublin 2. Green leafy Irish York cabbage (Brassica oleracea var. capitata L.) heads grown by John B. Dockrell (Donabate, County Dublin, Ireland) were purchased from the supermarket SuperQuinn, Sundrive Road, Dublin. 12. The major fungicides used were Rovral and Ridomil, to combat Bothytis and Mildiou and for fly control. Products were transported to the laboratory, stored at 4 °C and processed that day.
2.6. Quality marker measurements
The CO2 and O2 concentrations of the headspace atmosphere were determined using a portable gas analyser (MAP Test, AGB ci-S entific Ltd., Dublin, Ireland). Color measurement was performed using a Color Quest XE colorimeter (Hunter Lab, Northants, UK). Nine random areas were measured through the packaging film. L*, a* and b* color readings were recorded: L* (lightnes s, from 0 for black to 100 for white), +a*(redness), Àa*(greenness), +b*(yellowness), Àb*(blueness). Three other color terms were alc culated from the values of L*, a* and b*: chroma difference wit h the green initial standard (DC*), hue angle difference with the green initial standard (DH*) and total color difference with the green initial standard (DE*). Texture measurements were carried out using an Instron Universal Testing machine (model 4464, Instron Limited, High Wycombe, UK) mounted with a 500 N load cell. The maximal force applied at the breaking point of the leaf was recorded in Newtons. One reading per leaf was taken. For each treatment, all the pieces of one package were analysed (approximately 2.2. Minimal processing Outer leaves and cores were discarded, and heads were cut into pieces of approximately 1.5 in.2, as found in retail packages of sa d la mixes. Lettuce or cabbage pieces were dipped for 2 min in a 20 -l vat containing 100 ppm chlorine (sodium hypochlorite, 13% free chlorine, pH 6.9, Aldrich Chemical Co., Dublin, Ireland). Followin g this disinfection, head pieces were water-rinsed in a 20-l distille d water bath for 10 min. Subsequently the pieces were spin-dried for 6 min at constant speed in a salad green dewaterer (Dito Sama, Crypto Peerless, Halifax, UK Headspace volatile compounds were collected using a solid phase micro-extraction (SPME) device (Supelco, JVA Analytical Ltd., Ireland). The fiber coating used was a 100-lm polydimethylsiloxane (PDMS) film. Before each volatile compound extraction, the SPME fiber was conditioned in the GC-MS injector port set at 250 °C for 5 min. The fiber was then inserted through the plastic film, exposed for 5 min and retracted. The SPME device was finally inserted into the GC-MS injection port and exposed for 3 min. A CP-Sil 8 fused-silica capillary column (length = 30 m, inne r diameter = 0.25 mm, film thickness = 0.25 lm) (JVA Analytical Ltd., Dublin, Ireland) was used. Injections were conducted splitless. The oven temperature was first maintained at 30 °C for 5 min. The temperature was then increased to 250 °C at a rate of 5 °C/min. Th fie nal temperature of 250 °C was maintained for 15 min. A manual switching valve (JVA Analytical Ltd., Dublin, Ireland) either orientated the flow to the MS or divided the flow between the flame ionization detector (FID) of the GC and the sniffer-port after column elution. MS analysis was carried out using a Varian 2200 MS (JVA Analytical Ltd., Dublin, Ireland). GC-O analysis was carried out using a Varian CP3800 GC (JVA Analytical Ltd., Dublin, Ireland).
Data were collected using the Varian software and mass spec tra of detected compounds were analyzed by library searching in the National Institute of Standards and Technology (NIST) database . s Estimation of the volatile compounds quantity was based on the areas of the peaks detected by MS. The headspace concentration of a volatile compound was then expressed in percentage of total volatile compounds detected or percentage of the total peak a ea. r Five standard chemicals were injected to validate the metho : d 2-ethyl-1-hexanol,1-chlorododecane,trans-cinnamaldehyde, isomethyl b-ionone and p-xylene (Aldrich Chemical Co., Dublin , Ireland). Their mass spectra and retention times matched with those of the corresponding quality-related volatile compounds detected. The compounds were identified with high probabilities when compared with standards from the NIST database (similarity coefficient Sim or reverse similarity coefficient RSim >85%). Additional information about the compounds detected was provided by Flavornet, an online compilation of aroma compounds found in human odor space.
Between days 1 and 14, most of the freshness attributes significantly decreased while most of the quality loss factors increased for all three vegetables (p < 0.05) (Fig. 1) . Between days 1 and 7, the freshness parameters all decreased for Butterhead lettuce an d Irish York cabbage, while all the quality loss factors increased for Irish York cabbage. In passive MA-packaged Iceberg lettuce, aromas and texture decreased while off-odors increased (Fig. 1d ), but not with active MAP (Fig. 1c) . Off-odors were also minimised in shredded packaged lettuce stored similarly in an EMA of 1-3% O2 and 5-6% CO2 (Ballantyne, Stark, & Selman, 1998) . For Iceberg lettuce, losses of green color and quality were significant, while browning increased. Zhou et al. (2004) and Bianco (1990) similarly reported color changes as the main factor limiting the shelf-life of packaged lettuce. Between days 7 and 14, all the freshness parameters decreased and all the quality loss factors increased for Butt re head lettuce. On the contrary, organoleptic changes were limited for Iceberg lettuce and cabbage.
At day 1, no statistical differences were observed between active and passive MAP for all three vegetables. By day 7, active MA-packaged Butterhead lettuce presented higher lettuce arom a and firmness and weaker off-odors and browning than with passive MAP (p < 0.05) ( Fig. 1a and b) . Preservation of texture and aroma and control of browning by active MA were previously reported for Lollo Rosso lettuce in comparison with passive MA (Gil, Castaner, Ferreres, Artes, & Tomas-Barberan, 1998) . At day 7, active MA-packaged Iceberg lettuce presented lower yellowing and higher visual and overall quality. Similarly, between days 1 and 7, aromas decreased and off-odors and yellowing increase d more significantly in passive MA-packaged cabbage. At day 14, off-odors were higher in passive MA-packaged Butterhead lettuce and cabbage. For Iceberg lettuce, higher lettuce aroma an visual d quality and lower off-odors were reported with active MAP.
By day 7, active MA-packaged lettuce had higher visual and overall sensory scores than with passive MAP (p < 0.05). For all three vegetables, active MA-packaged samples were considered acceptable until day 11, whereas passive MA-packaged standards were inconsumable from day 7. Visual quality was also better preserved in active MA for Lollo Rosso lettuce (Gil et al., 1998) . Li, Brackett, Shewfelt, and Beuchat (1991) similarly reported a limit of saleability (last day of storage at which the panel judged that the product could still be sold) below 7 days for passive MA-packaged Iceberg lettuce treated in warm chlorinated water. The shel flife obtained in this study (11 days) was shorter than the 14 da s y reported for whole Iceberg lettuce heads in active and passive MA-packaged PP bags using the same scaling system (Martine & z Artes, 1999) . This difference confirmed the effects of the stress caused by cellular disruption during minimal processing on quality (Hamza et al., 996; Yao & Tian, 2005; Choi, Tomas-Barberan, & 1 Salveit, 2005) .
The appearance and development of off-odors were the main parameters influencing the judgment of the panellists. The higher quality Iceberg lettuce and Irish York cabbage samples better retained the aroma profile during the first 7 days, and the de elopv ment of off-odors was limited in these products during the following 7 days. Similarly, Ballantyne et al. (1998) reported no off-odors in active MA-packaged shredded Iceberg lettuce. Between day 7 and day 14, active MAP delayed the appearance and development of quality loss factors. The sensory analysis results confirme d the active MA-packaged products as high quality products in comparison with poorer-quality passive MA-packaged standards.
3. Results and discussion 3.1. Headspace O2 and CO2 measurements For all active MA-packaged samples the O2 increased and CO2 decreased over the 14 days of storage. A suitable EMA of 2-5% O2 and 5-8% CO2, as defined by Lopez-Galvez et al. (1997) and Hamza, Castaigne, Willemot, Doyon, and Makhouf (1996) , was reached at day 3/4 and lasted until day 7/8 for these three higher quality products. Mc Kellar et al. (2004) observed a similar evolution of CO2 in active MA-packaged bags of polyethylene-polypropylene (PE-PP) copolymer, containing 340 g of Iceberg lettuce packaged in 5% CO2. For passive MA-packaged lettuce, the headspace composition did not significantly change over storage. Similar evolutions were previously observed in passive MA-packaged PP bags of crisphead lettuce (Rosenfeld & Sundell, 1992) and whole Iceberg lettuce heads (Martinez & Artes, 1999) . For passive MA-packaged cabbag , e an EMA was maintained between days 2 and 4, but the O2 conc ne tration was unsuitable during the whole storage (>5%). All three passive MA-packaged products were stored in unsuitable atmoet al. (1998) for passive MA-packaged Iceberg lettuce. The nonhomogeneous green color and susceptibility to browning of these vegetables could explain this absence of detectable color change s.
The firmness of Butterhead lettuce measured using the Instron did not decrease from days 1 to 7 and from days 7 to 14, as oppo d se to sensory results. A loss of firmness (p < 0.05) was reported over storage for active MAP, but not for passive MAP as opposed to sensory results. Both sensory and analytical measurements indicated a loss of firmness over storage for Iceberg lettuce and Irish York cab bage. No textural differences were found between the higher and lower quality products for all three vegetables, due to the vast heterogeneity of texture between leaves and within a leaf previously observed by oole, Parker, Smith, and Waldron (2000) for Butter-T head lettuce.
For active MA-packaged Iceberg lettuce and Irish Y rk cabbage, o color and quality parameters showed a correlation with For Butterhead lettuce, a* and DH* proved statistically (p < 0.05) sensitive over storage time, on the contrary of L*, b*, DE*and DC* (results not shown). From days 1 to 7, a* increased and remained negative, which meant a loss of green color. For passive MAP, product s were less green at day 14 than at day 1, confirming the sensory results. Browning can be expressed by the a* value, which varies fro m green (a* < 0) to red (a* > 0), as suggested by Hamza et al. (1996) . Based on the a* reading, browning developed between days 1 and 7 and over storage for passive MAP, confirming the sensory results.
DH* decreased at all stages of storage, possibly due to the loss f the o pigment chlorophyll via chlorophyllase activity, as suggested by Bolin and Huxsoll (1991) for green color changes. For Iceberg lettuce and Irish York cabbage, none of the Color Quest paramete rs statistically changed over time, as previously reported by Smyth 3.3. Analytical color and texture measurements , 94, 104, 121/122 67, 79, 93, 107, 119, 133 , 161 57, 71, 93, 10 120, 148 6, 106, 120, 148 107, 135, 191 106, 120, 148 107, 135, 191 67, 79, 91, 103, 119, 133, 161 Fifty-one volatile compounds were correlated (r2 > 0.90) with one or several sensory quality changes (Table 2) . Among these 51 compounds, 29 were considered as quality markers as they correlated with the same sensory attributes in a minimum of two experiments. Six quality markers were common to the lettuce and cabbage species: 1,4-dichlorobenzene, limonene, 2-ethyl-1-hexanol, 2,4-bis-1,1-dimethylethylphenol, isobutyl ester pentanoic acid and thio-amino-butanamide. 1,4-Dichlorobenzene, perceived as fresh, was a marker of odor changes, loss of green color and browning (r2 > 0.90). Similarly, Hurst and Schuler (1992) reported adverse discolorations caused by excessive free chlorine concentrations (>200 mg/l) in lettuce. The terpene limonene was a marker of the loss of green color (r2 > 0.90), imparted by the green pigmen t chlorophyll, a polyterpenoid compound. The oxidation of terpenoid pigments produces a large range of volatile terpenes, so limonen e is a possible oxidation product of chlorophyll in leafy green vegetables. Eleven quality-related compounds were common to Butterhead and Iceberg lettuces, among which six were specific to lettuce 3.5. Sensory quality markers by the Flavornet database. Four green smelling-compounds (limonene, (+)-cyclosativene, copaene and caryophyllene) were terp enes, confirming the contribution of the mevalonic pathway in the green aroma of lettuce and cabbage, as previously reported by Fischer and Scott (1997) . Three phenolic compounds (4-ethylbenzaldehyde, 2,5-dimethylbenzaldehyde and trans-cin amalden hyde) were perceived as fresh aromas, while two others (benzoquinone and ester benzoic acid) contributed to the musty odor. These results confirmed that enzymatic browning was accompanied with the release of odors via the action of the polyphenol oxidase (PPO) on phenols and quinines, as previously found by Nogueira, Lubachevsky, and Rankin (2005).
2-Phenoxyethanol was perceived as musty/rotten in all three vegetables. This compound possibly derived from ethanol, a product of fermentation reported by Lopez-Galvez et al. (1997) to be responsible for off-odors in Iceberg lettuce (3). 1-Chlorododecan e was perceived as a musty off-odor in this study, while 1,4-dichlorobenzene was perceived as fresh. Hurst and Schuler (19 i-92) prev ously showed that excessive free chlorine concentrations (>200 mg/l) caused the appearance of off-flavors (38). Delaquis, Stewart, Cliff, Toivonen, and Moyls (2000) reported that minimally processed Iceberg lettuce developed atypical aroma, but conclude d that it was unclear whether such off-odors were derived from chlorine induced physiological changes or formation of volatile chlorinated compounds (39).
Sixty-nine volatile organic emissions (53 for lettuce and 41 for cabbage) were detected and successfully identified ( Table 1) . Four of the compounds obtained were previously reported as lettuce volatile emissions: hexanol and benzaldehyde (Batten, Stutte, & Wheeler, 1995 ), ethanol (Smyth et al., 1998 and nonanal (Batten et al., 1995; Stutte & Wheeler, 1997) . Three compounds were also previously identified as cabbage volatile emissions: hexanol and ethanol (Johnson et al., 1971 ) and limonene (Vuorinen et al., 2004) .
Five phenols and a quinone (benzoquinone) were identified (Table 1) . These volatile compounds are substrates of polyphenol oxidase (PPO), an enzyme responsible for browning, as reported by Bassil, Makris, and Kefalas (2005) . Thirteen terpenes, known a s important characteristic aroma compounds in vegetables (Fischer & Scott, 1997), were detected. Two volatile chlorinated compound s were identified: 1,4-dichlorobenzene (in both lettuce and cabbage) and 1-chlorododecane (only in lettuce). These emissions could hav e been produced as a result of the chlorine treatment, reinforcing the idea that potentially harmful chlorinated compounds can be formed during minimal processing, as reported by Sapers (2001). However, the chlorinated compounds may also have been derived from the preharvest application of the fungicide Rovral, whose a ctive ingredient is the chlorinated compound iprodione. Orme and Kegley (2006) reported that 3,5-dichloroaniline was a possible breakdown product of iprodione. 1,4-Dichlorobenzene, identifie d in this study, and 3,5-dichloroaniline (1-amino-3,5-dichlorobenzene) have very similar structures, suggesting that 1,4-dichlorobenzene was a possible volatile breakdown product of Rovral.
Forty-five volatile compounds were perceived as aroma or odors using gas chromatography-olfactometry (Table 1) . Four main categories of odors were distinguished: fresh, green, musty and rotten. A more precise description of each odor was provided 3.4. Volatile compounds a* (r2 > 0.90) (results not shown). A good correlation between hue angle and a* values with visual scores was previously reported for passive MA-packaged Iceberg lettuce (Heimdal, Kuhn, Poll, & Larsen, 1995) . DH* and DE* were also markers of color and quality changes, respectively, for Iceberg lettuce and cabbage. Castan r, e Gil, Artes, and Tomas-Barberan (1996) previously found that a* was the most suitable parameter to measure browning of Iceberg lettuce stem discs. For active MA-packaged Butterhead lettuce, the color and quality attributes were correlated with DE* and DC*. For active MAP, the firmness measured using the Instron proved to be a suitable marker of the textural loss reported by sensory analysis (r2 > 0.90).
a-MA: active-MA, p-MA: passive-MA. The major m/z fragments are indicated in bold for each compound. Aromas and odors indicated in brackets were provided by the Flavornet database. 37.255, 70, 99, 127, 155, Green & off-odors, green color, browning, quality MA: modified atmosphere. Sensory attributes indicated in bold were correlated with volatile compounds in a minimum of two experiments (r2 > 0.90).
( Table 2 ). Four of them were sesquiterpenes (a-longipinene, (+)-cyclosativene, copaene, caryophyllene), produced by the mevaloni c pathway. (+)-cyclosativene, copaene and caryophyllene, perceiv d e as green aromas of leafy green vegetables, were correlated wit h fresh aroma (r2 > 0.90). a-Longipinene, associated with a rotten odor, was a marker of the lo s of green odor and the development s of rotten off-odor (r2 > 0.90).
Nine volatile compounds were found very highly correlated 2(r > 0.90) with quality attributes for active MA-packaged Butterhead lettuce (Tables 2 and 3) : 2-ethyl-1-hexanol, cis-3-dodecene, 4-ethylbenzaldehyde, acetocinnamone, b-elemene, 1-chlorododecane, dimethylethylphenol, ester pentanoic acid and thio-aminobutanamide. 2-Ethyl-1-hexanol, previously identified in lettuce (Batten et al., 1995) , increased over storage from 2% to 7% of th toe tal volatile emissions (Fig. 2) . The increase in this musty-smelling compound was correlated with odor changes, browning and lo s s of quality in active MA-packaged Butterhead lettuce (r2 > 0.90) ( Table 2 ). This quality loss factor possibly derived from hexan-1 -ol, a product of the lipoxygenase pathway (Charron & Cantliffe, 1995) responsible for the biosynthesis of green leaf volatiles (Arey et al., 1991) . The absence of the green leaf volatiles, main products of the LOX pathway and responsible for fresh and green aromas in leafy green vegetables (Arey et al., 1991) , could be due to an alte ration of the LOX pathway by cutting. Charron and Cantliffe (1995) previously identified an enhancement of LOX activity in lettuce as a result of mechanical injury. from the mevalonic acid metabolism, also producing monoterpenes and sesquiterpenes which contribute to fresh lettuce aroma (Fischer & Scott, 1997) . The correlation between acetocinnamone and green odor loss may be due to the decrease of green-smelling terpenes over storage. Acetocinnamone is also a product of the oxidation of the yellow tetraterpenoid carotenoid pigments (Enzell & Wahlberg, 1980) , explaining the correlation between acetocinna mone and yellowing. Acetocinnamone was also correlated with the loss of green color (r2 > 0.90), due to the degradation of the green pigment chlorophyll by the enzyme chlorophyllase (Bolin & Huxsoll, 1991) . This result suggested that the terpenoid acetocinnamone could be a product of the degradation of the polyterpenoid chlorophyll.
b-Elemene increased over storage from 1% to 3% of total emissions (Fig. 3) , and was correlated with changes of all the sensory parameters monitored (r2 > 0.90). This musty-smelling compoun d was one of the terpenes emitted by the mevalonic pathway. The formation of off-odors by the mevalonic pathway could be due to a wound-induced alteration of this metabolism caused by cutting. Mechanical injury was previously showed to influence metabolic Cis-3-dodecene was not detected in any product at day 1. This peak only appeared between days 1 and 7. A dramatic increase of this compound then occurred between days 7 and 14, reaching 28% of total emissions in active MA-packaged Butterhead lettuce on day 14. The dramatic increase of this rotten-smelling compound was a marker of quality loss ( dor and texture changes) and of o fcolor development (r2 > 0.90).
The concentration of 4-ethylbenzaldehyde, previously detecte d in lettuce (Batten et al., 1995) , increased from 0.5% of total emissions at day 1 to 2% at day 14. This increase was correlat d e (r2 > 0.90) with the aroma loss, yellowing and quality loss. Although no odor was perceived, a sweet aroma is usually associated with 4-ethylbenzaldehyde according to the Flavornet database. 4-Ethylbenzaldehyde was emitted by the phenylpropanoid acid pathway, resp sible for enzymatic browning as reported by on Bassil et al. (2005) .
Acetocinnamone remained stable, around 0.6% of total volatiles (Table 3) . This compound was correlated with green odor, green color and yellowing in active MA-packaged Butterhead lettuce (r2 > 0.90). Ionone compounds, such as acetocinnamone, result Table 3 Major volatile quality markers of active MA-packaged Butterhead lettuce.
The aim of this study was to assess possible correlationsbe tween changes in the sensory and volatile emission profiles of three leafy green vegetables (Butterhead lettuce, Iceberg lettuce and Irish York cabbage). Two types of samples were monitored: a high quality product (active MAP) and a low quality standard (pas sive MAP). Twenty-nine volatile organic compounds were correlated as quality markers in the leafy green vegetables studied (r2 > 0.90). Nine main quality markers were identified for active MA-packaged Butterhead lettuce: 2-ethyl-1-hexanol, cis-3-dodecene, 4-ethylbenzaldehyde, acetocinnamone, b-elemene, 1-chlorododecane, dimethylethylphenol, ester pentanoic acid and thio-amino-butanamide. The main markers of freshness for Butterhead lettuce were 4. Conclusions green aroma, and its decrease over storage was correlated (r2 > 0.90) with textural changes. 3-Carene, produced by the mevalonic pathway, was perceived as fresh and its decrease was correlated (r2 > 0.90) with browning and yellowing.
A dramatic increase in four compounds occurred in several active MA-packaged cabbage bags at the beginning of storag e but did not last until day 7. These emissions were 1,3-diisocy anato-2-methylbenzene,2,4-diisocyanato-1-methylbenzene, 2,3-dihydro-6-amino-indole-2-one and 1,3-dihydro-3-methyl-2H-benzimidazol-2-one. The first three analytes were perceive d as musty. Volatile cyanate derivatives have been shown to b e tied up to non-volatile glycosides (glucosinolates) in cabbage (Rosa, Heaney, Fenwick, & Portas, 1997) . Their short-term increase at the beginning of the storage may be explained by heir t release from their glycoside precursors via the action of the myrosinase (Fahey, Zalcmann, & Talalay, 2001) , in contact wit h its substrates as a result of the cellular delocalisation occurring during cutting. The emission of these compounds was a p ssible o marker of the stress-induced onset of major physiological changes as a result of minimal processing. pathways, including the lipoxygenase pathway (Charron & Cantliffe, 1995) and the phenylpropanoid acid pathway (Choi et al., 2005) . 1-Chlorododecane was low and slightly decreased durin g the storage (around 0.5% of total volatiles). Development of offodors and browning were statistically related to this musty-smelling emission (r2 > 0.90). 1-Chlorododecane either derived from th e chlorinated fungicide Rovral used by the grower or from the chlorine treatment used during minimal processing.
2,4-Bis-1,1-dimethylethylphenol decreased from 4% at day 1 t o 1% at day 14. This phenolic compound was emitted by the brown ing-related phenylpropanoid acid pathway. The decrease of th is green-smelling compound was highly correlated with development of off-odors and browning (r2 > 0.90). This correlation is in accordance with results from Nogueira et al. (2005) , who found that enzymatic browning was accompanied by the release of off-odors in lettuce. This volatile emission was possibly release d during the conversion of phenols to polyphenols by the phenylpropanoid acid pathway. Isobutyl ester pentanoic acid decreased slightly from day 1 (5%) to day 7, then dropped to 2% between da s y 7 and 14. This fresh-smelling emission was highly correlated with changes of all the sensory parameters monitored (r2 > 0.90). Isobutyl ester pentanoic acid possibly derived from mevalonic acid (pentanoic acid), substrate of the mevalonic acid pathway producing green-smelling terpenes.
Thio-amino-butanamide dramatically increased from 4% of total emissions at day 1 to 16% at day 7. Then its level dramatically dropped between days 7 and 14, reaching 6.5%. This musty-s ellm ing compound was statistically (r2 > 0.90) linked to quality loss (aromas, green color, texture) and yellowing. Thio-amino-butanamide had a similar structure to a part of the amino group o iprodf ione, the active ingredient of the fungicide Rovral used on Butterhead lettuce. This analyte could be, as suggested for 1,4-dichlorobenzene, a breakdown product of iprodione in Butterhead lettuce.
The two sesquiterpenes 3-carene and p-xylene were specific biomarkers of Irish York cabbage. P-xylene was associated with a dimethylethylphenol and ester pentanoic acid, while the main quality loss markers were cis-3-dodecene and b-elemene.
Possible outcomes of this work could be the development of novel quality-monitoring methods based on volatile emission changes, such as on-line units monitoring the volatile profile at the industrial level and active food labels that would respond to a biomarker changes at the consumer level. These quality-monitoring methods can also be applied for the optimisation of the processing and packaging of ready-to-use vegetables in shelf-life trials, with a view to extending their shelf-life. Further work could be carried out to optimise the biomarker detection method developed in this work, especially on the extraction step using SPME. Further studies could investigate the microbiological profiles of these produce in order to d termine the possible microbial origin e of certain volatile markers. Enzell, C. R., & Wahlberg, I. (1980 Technology, 15, 201-205. Yao, H., & Tian, S. (2005) . Effects of pre-and post-harvest application of salicylic acid or methyl jasmonate on inducing disease resistance of swee ry fruit in t cher storage. Postharvest Biology and Technology, 35, 253-262. Zhou, T., Harrison, A. D., McKellar, R., Young, J. C., Odumeru, J., Piyasena, P., et al. (2004) . Determination of acceptability and shelf-life of ready-to-us ettuce by e l digital image analysis. Food Research International, 37, 875-881.
